The goal of sequencing the entire human genome for $1,000 is almost in sight. However, the total costs including DNA sequencing, data management, and analysis to yield a clear data interpretation are unlikely to be lowered significantly any time soon to make studies on a population scale and daily clinical uses feasible. Alternatively, the targeted enrichment of specific groups of disease and biological pathway-focused genes and the capture of up to an entire human exome (~1% of the genome) allowing an unbiased investigation of the complete protein-coding regions in the genome are now routine. Targeted gene capture followed by sequencing with massively parallel next-generation sequencing (NGS) has the advantages of 1) significant cost saving, 2) higher sequencing accuracy because of deeper achievable coverage, 3) a significantly shorter turnaround time, and 4) a more feasible data set for a bioinformatic analysis outcome that is functionally interpretable. Gene capture combined with NGS has allowed a much greater number of samples to be examined than is currently practical with whole-genome sequencing. Such an approach promises to bring a paradigm shift to biomedical research of Mendelian disorders and their clinical diagnoses, ultimately enabling personalized medicine based on one's genetic profile. In this review, we describe major methodologies currently used for gene capture and detection of genetic variations by NGS. We will highlight applications of this technology in studies of genetic disorders and discuss issues pertaining to applications of this powerful technology in genetic screening and the discovery of genes implicated in syndromic and nonsyndromic hearing loss.
Introduction
Innovative application of new technologies in research is one of the major factors driving advances in knowledge acquisition. Landmark events in DNA studies include the Sanger sequencing method introduced in 1977 (Sanger et al., 1977) and discovery of the polymerase chain reaction (PCR) in 1983 (Inoue et al., 1983) , which enabled many applications in molecular analysis of DNA and genes. A common pattern in their application is that the commercialization of these technologies first led to widespread uses in the research community, and later into the clinical diagnosis of many genetic disorders (e.g., http:// www.ncbi.nlm.nih.gov/sites/GeneTests/). Based on the Sanger technology, the first human genome was sequenced in 2001 by a multinational collaborative effort of the Human Genome Project, which took 13 years to complete at a cost of nearly USD $3 billion McPherson et al., 2001; Sachidanandam et al., 2001) . With the commercial availability of high-throughput massively parallel DNA sequencing platforms in the past few years, complete sequencing of the whole human genome can be done commercially today in two to three months at a cost below $10,000 .
A major focus of this review is a description of the combined use of gene capture followed by next-generation sequencing (NGS) in applications for screening mutations in known disease genes. Since their introduction, NGS technologies have constantly improved and the costs have steadily decreased. A legitimate question therefore is what role targeted gene capture will play if whole-genome sequencing (WGS) can be done for about $1,000 in the future, with the ability to survey the human genome in an unbiased manner. A simple answer for the continued use of targeted gene capture prior to NGS is that the popular description of "$1,000/human genome sequencing" is only a fraction of the total cost of a meaningful application of such a technology. WGS requires the analysis of ~3.2×10 9 base pairs (bps) of DNA sequences. The whole human exome (all protein-coding regions of the human genome, which is approximately 1% of the genome) and a targeted panel of genes involved in deafness cover 30-60 million bps and ~0.3 million bps (supplemental Table 1 ), respectively. Adding a targeted capture step prior to NGS enables the analysis of a focused subset of the whole genome, thereby reducing the required sequencing capacity and corresponding bioinformatic infrastructure necessary for data management and analysis. Vast amounts of genotype and phenotype data about human diseases are now being generated. The bioinformatic filtering techniques, storage facilities, software, and hardware for data analysis, especially the data annotation with unequivocal functional interpretations, are formidable challenges for the meaningful application of WGS.
Given a set amount of NGS capacity and budget, a significantly larger number of samples can be processed with the targeted NGS approach. This results in a greater ability to detect variations on a population level, which is a key requirement for discovering new causative variants and for verifying benign single-and multiple-nucleotide polymorphisms (SNPs and MNPs) in human populations. In addition, most clinical applications of NGS concentrate on known mutations in order to generate clear interpretable reports. The combined uses of capturing a targeted panel of disease genes followed by NGS apparently suit this aspect of clinical study. Targeted sequencing has been shown to be a robust, effective technique that leverages the unique aspects of massively parallel sequencing and has already yielded many exciting discoveries (Brownstein et al., 2011; Majewski et al., 2011; Shearer et al., 2010) . This review focuses on what we can learn from the combined application of gene capture and NGS regarding human diseases, especially in studies of human genes implicated in human syndromic and non-syndromic hearing loss. The current state of gene capture and NGS technologies will be presented. Many practical aspects of performing targeted gene capture, WES (whole-exome sequencing), and WGS in particular applications will be discussed.
Overview of massively parallel NGS technologies
The Human Genome Project was completed largely based on the Sanger method, which demonstrated that the method is costly and time-consuming for large-scale studies of many genes in parallel. NGS has dramatically reduced the cost of sequencing on a per-base pair (bp) basis and increased the output of sequencing from a few hundred bps by each Sanger analysis to about 600 billion bps per NGS machine run Zhang et al., 2011) . NGS is carried out by sequencing small DNA fragments in a parallel fashion. The first step in NGS is carried out by fragmenting the genomic DNA (mechanically or chemically) into small pieces, usually in the range of 300-500 bps (Borgstrom et al., 2011) . In the next step, platform-specific adapters are added to the ends of the DNA segments, allowing for their attachment and sequencing. One common feature shared by almost all current NGS platforms is that clonally amplified single DNA molecules, spatially separated in a defined microchamber (called Flow Cells, FlowChips or PicoTiter plate), are sequenced in a massively parallel fashion. One exception is Pacific Biosciences' single-molecule method, which has a protocol based on real-time sequencing without clonal amplification (Eid et al., 2009 ).
In the NGS execution, sequencing results are generated by reading optical signals during repeated cycles from either polymerase-mediated fluorescent nucleotide extensions of four different colors (Ruparel et al., 2005 ) (e.g., Illumina's HiSeq system), or from iterative cycles of fluorescently-labeled oligonucleotide ligation (e.g., ABI SOLiD system), or by the principle of pyrosequencing (Margulies et al., 2005 ) (e.g., Roch 454 system). Non-optical DNA sequencing by directly sensing the hydrogen ions produced by template-directed DNA polymerase synthesis on semiconductor-sensing ion chips has recently been developed as well (Rothberg et al., 2011) . In such a massively parallel sequencing process, NGS platforms are able to generate up to 600 gigabases of nucleotide sequence from a single instrument run (e.g., Illumina's HiSeq200 V3 chemistry kit) Zhang et al., 2011) . The results of the sequenced segments are called "reads," which could be 25-100 bps from one or both ends. The massive capacity of NGS allows the sequencing of many randomly overlapping DNA fragments; therefore, each nucleotide in targeted regions may be included in many reads, allowing repeated analysis which provides depth of coverage. Increased depth of coverage usually improves sequencing accuracy, because a consensus voting algorithm is used in determining the final nucleotide calls. Some recent reviews are available for exploring technical details about the specifics of NGS technologies (Ng et al., 2010a; Shendure et al., 2008) .
Overview of targeted gene capture technologies
During the NGS process, hundreds of millions of these DNA segments are sequenced at the same time, in cycles from one or both ends. Without selective enrichment, any genomic region has an equal chance of being sequenced. With targeted gene capture, the proportion of DNA fragments containing or near targeted regions is greatly increased. Any region of interest in the genome can be targeted for enrichment by design, including exons from a list of genes that are known to be associated with diseases (e.g., known hearing-loss genes) or specific functionally important biological pathways, or disease-associated chromosome segments (including both exons and introns) suggested by linkage analysis. Additional regions of interest, such as promoters or highly conserved sequences in intron regions, can also be targeted for capture.
Currently, at least 156 human genes implicated in syndromic and non-syndromic hearing loss are confirmed (supplemental Table 1 ), and 57 are non-syndromic hearing loss genes (not including mitochondrial or miRNAs) (Brownstein et al., 2011; Hilgert et al., 2009) . Approximately 90 G bp of sequencing is needed to obtain NGS results for one human genome (~3.2 G bp) at about 30x average coverage. The combined mRNA length of the genes listed in the supplemental Table 1 is about 0.01% of the human genome. Targeted gene enrichment typically increases this proportion by at least 1,000 fold (Brownstein et al., 2011; Shearer et al., 2010; Tang et al., 2011) . Therefore, the same sequencing capacity can theoretically be used to sequence more than 1,000 samples for a panel of genes associated with deafness listed in the supplemental Table 1 . DNA samples collected from the different subjects can be distinguished in NGS reads by adding unique short oligos (6-10 bps) as barcodes when sequencing adaptors are ligated (Craig et al., 2008) . Barcoded samples can be pooled and sequenced together, enabling a significant reduction in the per-sample cost of each NGS machine run. Current target enrichment techniques can be generally classified as hybridization-based and non-hybridization methods.
Hybridization-based enrichment methods
Among many current methods for targeted enrichment of specific genome regions, the hybridization-based method is the most widely adopted and is the only one that has been extended to capture the whole human and mouse exome reliably Majewski et al., 2011) . Such an approach can be classified as liquid-based hybridization (Bainbridge et al., 2010) or solid-phase based (e.g., array-based) hybridization (Choi et al., 2009; Hodges et al., 2007; Ng et al., 2009) , depending on how the reactions are experimentally implemented. The former is much more popular now due to the advantages of protocol implementation in automated robotic systems.
(1) Enrichment performed in liquid-phase hybridization-Biotinylated DNA or RNA probes are used in liquid-phase hybridization protocols for target enrichment. Both biotinylated RNA probes (e.g., Agilent's SureSelect exome kit) and DNA probes (e.g., Roche/Nimblegen exome V2 or Illumina TruSeq exome kits) are commercially available. The probes are usually 120 bps long DNA or RNA oligos and have sequences complementary to the targeted genome regions. A tiling scheme which allows overlapped probes to target the region of interest is generally used to increase capture efficiency. Long capture probes made from cDNA clones of the targeted genes are also successfully used . Hybridization reactions usually take two days to complete. The targeted DNA fragments bound by biotinylated DNA or RNA probes in the solution are captured by magnetic streptavidin beads immobilized by a strong magnet. DNA fragments not targeted are in the liquid phase, and are removed by repeated washes. Targeted DNA fragments are eluted from the beads by increasing the pH with NaOH in order to break the biotinstreptavidin bond and degrade the RNA probes. Only the enriched DNA fragments are sequenced by NGS protocols. The probes used for enrichment do not have the appropriate adaptors on the ends of the DNA fragments and are not sequenced.
(2) Enrichment performed in solid-phase hybridization-Solid-phase hybridization methods generally utilize DNA probes affixed to a solid support, such as microarray glass slides Hodges et al., 2007; Okou et al., 2007) , filter papers, or films (Herman et al., 2009) . Fragmented DNA in a small volume is applied to the surface of the solid support, where the targeted DNA fragments hybridize to the probes designed to be complementary to the target sequences. The non-targeted fragments will not hybridize and are washed away. The enriched DNA is eluted and used for NGS downstream protocols. Such a method can usually enrich targets by about 1,000-2,000 fold in one round of hybridization reaction . Multiple enrichment cycles have been used to further increase target enrichment efficiency Summerer et al., 2009 ).
Both liquid-phase and solid-phase hybridization methods have successfully been used for enrichment of genes involved in deafness (Brownstein et al., 2011; Shearer et al., 2010; Tang et al., 2011) . One key factor for a successful target enrichment outcome is the probe design, which is usually based on information from gene annotation databases (e.g., consensus coding sequence (CCDS) Database, RefSeq Database, etc.). Therefore, unknown disease gene exons, evolutionarily conserved non-coding genome regions, and regulatory sequences (e.g., enhancers or promoters) are typically not included in the designs. Regions containing a high GC percentage may also hybridize poorly for enrichment (Okou et al., 2007) .
Non-hybridization-based enrichment methods
Other PCR-based non-hybridization gene enrichment schemes include Molecular Inversion Probes (MIP) (Deng et al., 2009; Porreca et al., 2007; Turner et al., 2009 ) and Spacer Multiplex Amplification ReacTion (SMART) methods (Krishnakumar et al., 2008) . However, neither of these methods was developed into commercially available products. Chromosome sorting (Ibrahim et al., 2004) can be utilized if either large sections of the chromosome or the complete chromosome is the target. Flow-sorted chromosomes can be sequenced by standard NGS protocols after DNA fragmentation. Sequencing of manually sorted metaphase chromosomes by microdissection has also been reported (Weise et al., 2010) . These nonhybridization-based methods require specialized instruments and are not suited for high-throughput applications and consequently are most likely applicable only to unique research cases.
Highly multiplexed PCRs have inherent limitations, and usually a high percentage of targeted regions fail to amplify. Another disadvantage is that the enrichment results for particular genes in the mix are impossible to verify before the sequencing results are available. Recent innovative applications of PCR in microfluidic environments have helped overcome these weaknesses. Oil microdroplets segregate thousands of individual PCR reactions in the same reaction tube. Each microdroplet is generated in a way which contains a simple combination of primer pairs and genomic DNA mix, allowing for a more reliable and successful multiplexed PCR outcome (Tewhey et al., 2009 ). However, the initial cost of purchasing a large amount of PCR primers and the cost of equipment are very substantial in commercial offerings (e.g., RainDance Inc, Lexington, MA).
Another commercially available approach, offered by Halo Genomics, uses restriction enzymes to fragment DNA first in order to obtain DNA fragments with known end sequences (Dahl et al., 2005) . Probes specific to the targeted fragments are hybridized and PCR reactions are designed to make all targeted DNA fragments circular. The circular DNAs are separated by biotinylated probes which react with streptavidin-affiliated magnetic beads in order to achieve the purification of targeted genomic regions.
Data analysis for NGS applications
With the availability of human genome and exome sequencing results from many individuals, it is now clear that two unrelated individuals have at least two million differences in their genomic DNA sequences (Moore et al., 2011) . Such a large variability in normal healthy individuals makes the designation of a "reference human genome" obsolete. While no one individual's genome can be readily named a "reference," the National Center for Biotechnology Information (NCBI) and many other databases maintain and update a standard assembly of the human genome that is derived from many individuals (e.g., HG18, HG19). Any deviation from the standard reference genome maintained by NCBI will be referred to as a variant. When the variant has clinical consequences, it is labeled as a pathogenic variant. When the differences in DNA are benign variants, they are identified as SNPs or MNPs. The variants may also be designated as variations with unknown significance if the effect of the DNA change is unknown. A more comprehensive classification of variants has been proposed recently (Richards et al., 2008) .
Strategies for analyzing NGS reads
The first step in finding DNA variations is to align the NGS reads (short DNA segments, usually with a length of 25 to 100 bps) with the reference genome (Ruffalo et al., 2011) . Recently a unified analytic framework to identify genetic variations among multiple samples has been proposed (DePristo et al., 2011) . For researchers with bioinformatic training and knowledge of the Linux system, many open source aligners are available. A summary about the sources for downloading various software packages is given at http://seqanswers.com/ forums/showthread.php?t=43. Many integrated commercial solutions (e.g., Softgenetics NextGene) are available for data analysis, and some of them are web-based cloudcomputational servers (e.g., www.dnanexus.com). Nucleotides in the regions of interest are usually covered many times because of the random nature of the short NGS reads. The depth of coverage is defined as the number of times each nucleotide is independently sequenced in difference reads, which is a unique idea in NGS data analysis when compared to the Sanger sequencing method (Bao et al., 2011) . After analysis, differences between the subject's sequence and the reference sequence are reported in a list that usually contains large numbers of of variants. The next step is to determine the significance of these variants by sorting out benign SNPs and those that cause diseases.
Strategies to identify pathogenic mutations using the NGS approach generally rely on certain assumptions. It is more likely that the mutations having a higher penetrance and those affecting the protein structure with significant functional consequences will be identified. Candidates for such mutations are generally non-synonymous SNPs/MNPs, insertions/deletions, and splice-site mutations. A growing number of databases and software packages (Table 1 ) are used to determine the meaning of variants discovered by NGS (Bao et al., 2011; Galperin et al., 2011) . Sorting out large numbers of variants to find pathogenic mutations is still a challenging task.
Systematic sequencing and misalignment errors have to be removed first in alignment algorithms. The increasing amount of knowledge in many online databases (Table 1) Altshuler et al., 2010) , patterns of inheritance among family members, and the computational approach to predict potential effects of the variant on the protein function (e.g., SIFT analysis) (Ng et al., 2003) are usually required to identify candidates of deleterious mutations. With improving genotype and phenotype definitions over time, it would be prudent to review subjects' NGS results regularly for new information when no definitive conclusion is initially achieved.
In clinical applications, it seems likely that targeted sequencing will be useful alongside WES and WGS for a long time due to the much lower demands on bioinformatics personnel, infrastructure, and turnaround time. The amount of sequencing needed for a panel of genes associated with deafness (supplemental Table 1 ) is about four orders of magnitude less than WGS (0.3 million bps vs. 3.2 billion bps). Although targeted capture data may also contain a large number of variants, the amount will be orders of magnitude lower, making secondary analyses and data management more straightforward and less time-consuming. A typical NGS mutation report should contain basic information such as the gene name and gene description, chromosomal position of variants, zygosity of the variant, type of nucleotide change, predicted protein change, the sequencing quality of each variant, etc. Further items in the report may include web links to entries in the Online Mendelian Inheritance in Man (OMIM), scale-invariant feature transform (SIFT) (Ng et al., 2003) prediction of how likely the change is to damage protein function, interspecies conservation of each nucleotide, dbSNP entry for the found variants, and allele frequency from the 1,000 Genomes Project . The report also needs to list the genes/exons that happen to have poor quality reads. The regions that were not or could not be targeted (e.g., due to high GC contents or repetitive regions) by the capture baits should also be mentioned. These regions should be Sanger sequenced where possible to gain a more complete picture of the targeted genes. After a targeted NGS scan, it is important to know the name and proportion of genes for which the test is not able to make a confident determination, due to either poor target enrichment or poor quality of sequencing data. In the United States, results generated by the NGS approach are currently not CLIA-approved. Therefore, it is essential for the mutation results of clinical significance to be verified by Sanger sequencing.
Common sources of errors in NGS data
Both systematic false positive and false negative variation calls exist in NGS results. False positives most often arise from incorrect genome mapping, systematic equipment sequencing errors, or sequencing calls of DNA fragments near the end of equipment capability. For example, NGS systems based on the pryosequencing principle are known to have systematic errors when reading a strain of more than five or six of the same nucleotides, known as homopolymer length inaccuracies (Margulies et al., 2005) . Systematic equipment errors occur in many unrelated samples and can be removed from the final list of variants. Artifacts due to errors in software alignment may be reduced by cross examination with different analysis packages. False negative results are usually caused by a low depth of coverage in particular targeted regions, poor capture efficiency, and difficulty in unambiguously aligning repetitive regions (Nothnagel et al., 2011) . Although NGS technologies generally have higher individual-base calling error rates than Sanger sequencing in a single read, the NGS error rate is significantly reduced by increasing the depth of sequencing coverage . However, Sanger sequencing is usually required before the final report can be issued for clinical purposes, because results obtained by NGS approaches are not currently CLIA-certified.
Increasing coverage effectively reduces the error rate, especially for sequencing calls of heterozygous variants. Longer reads are generally better than shorter ones, as they reduce false positives from mapping ambiguity. When longer reads are used, the nucleotide calls near the end can be trimmed, as they tend to have much higher error rates (Ledergerber et al., 2011) . Paired-end reads add one more dimension of constraint for alignment: the approximate distance between the two reads. Such a constraint helps to achieve better alignments that are not possible with single-end reads. Paired-end reads greatly help alignment software to find the correct target region and to reduce the interference from pseudogene regions .
Application of targeted NGS in studying human diseases
Most Mendelian disorders are caused by exonic or splice-site mutations that alter the amino acid sequence of the affected gene. An exome constitutes only ~1% of the human genome; however, ~85% of disease-related mutations found so far are in the protein coding regions (Teer et al., 2010) . The number of known mutations in human somatic genes underlying or associated with inherited disease exceeds 110,000 in more than 3,700 different genes (e.g., entries found in the Human Gene Mutation Database). In addition, the entire human gene pool also undergoes spontaneous mutations resulting in new pathogenic alleles (Davies et al., 2010) .
In classical strategies of identifying disease-associated mutations, linkage analysis in family members with shared genetic relations is performed. With a successful outcome, candidate genomic regions enclosing the disease gene may be narrowed down to a specific region. Systematic sequencing of whole regions or implementing a candidate gene approach using known biological knowledge may locate the genes within a specific chromosome interval. NGS has brought new ways of addressing monogenic disorders. Because of its large capacity to unbiasedly survey the whole exome and whole genome, NGS is well suited in the usage of discovering the cause of rare genetic disorders. It is estimated that causative mutations are known for about half of the genetic diseases listed in the database of Mendelian disorders in humans (http://www.ncbi.nlm.nih.gov/omim) . Many of the diseases are rare, which may create difficulties for linkage analysis in which data collections from large families are often needed .
When properly executed, the WES approach may dramatically reduce the required sample numbers needed for a successful outcome. The use of NGS has frequently resulted in identifying disease genes with even a limited number of patient samples (Kalay et al., 2011; Krawitz et al., 2010; Kuhlenbaumer et al., 2011; Musunuru et al., 2010; Ng et al., 2010b; Ng et al., 2010c; Puente et al., 2011; Simpson et al., 2011) . Novel and causative variants have recently been discovered for diverse types of diseases, including neuropathy cases (Brkanac et al., 2009) , Clericuzio type poikiloderma with neutropenia (Volpi et al., 2010) , familial exudative vitreoretinopathy (Nikopoulos et al., 2010) , immunological disorders (Bolze et al., 2010; Byun et al., 2010) , intellectual disabilities (Abou Jamra et al., 2011; Shoubridge et al., 2010) , cancer predisposition (Shoubridge et al., 2010) , and other abnormalities (Barak et al., 2011; Bilguvar et al., 2010; Otto et al., 2010) .
The NGS approach has identified disease-causing genetic mutations from either unrelated subjects (Choi et al., 2009; Gilissen et al., 2010; Hoischen et al., 2010; Ng et al., 2009; Ng et al., 2010c; Otto et al., 2010) or from family members (Anastasio et al., 2010; Erlich et al., 2011; Glazov et al., 2011; Krawitz et al., 2010; Musunuru et al., 2010; Ng et al., 2010b; Tsurusaki et al., 2011) . WES data from members of the same family offer the advantage of cross checking for benign SNPs, therefore hastening the mutation discoveries. WES was also successful in identifying causative mutations in diseases with genetic and phenotypic heterogeneity (Isidor et al., 2011; Johnson et al., 2010; Simpson et al., 2011; Wang et al., 2010) , which is difficult for traditional linkage-based approaches.
Novel genes for non-syndromic (Rehman et al., 2010; Walsh et al., 2010) and syndromic Zheng et al., 2011) hearing loss were also identified recently by the targeted NGS approach. These studies show that the targeted genomic region (Rehman et al., 2010) or whole exome NGS Walsh et al., 2010) , followed by verification from nonconsanguineous families, and by functional and immunolabeling examinations, can reveal critical disease-causing genes from small pedigrees. Rehman captured a targeted genomic region at the DFNB79 locus on chromosome 9q34.3 (including 108 genes) and followed with NGS of the 2.9 Mbp region. One affected member of a consanguineous family was initially tested. Homozygosity for a total of eight previously unreported variants was detected in the targeted region. Six of them were determined to be polymorphisms and one was in a noncoding region. The only remaining variant was a nonsense mutation in a predicted gene, C9orf75 (later renamed as TPRN). Follow-up tests in affected subjects with DFNB79 found four truncating alleles of this gene, and immunolocalization of the TPRN protein product in the mouse cochlea showed prominent expression in the taper region of hair cell stereocilia.
In the Walsh et al. study, the whole exome was sequenced, and variations at the DFNB82 locus were analyzed. After filtering out polymorphisms from the whole exome sequence by using publicly available and population-specific databases, only a single deleterious homozygous mutation remained. They followed with functional and immunolabeling studies, and evidence further supported the theory that mutations resulting in an early truncation of the G protein-signaling modulator GPSM2 are the cause of DFNB82. In the Pierce et al. study, the authors used gDNA from two sisters in a family diagnosed with wellcharacterized Perrault syndrome. WES revealed exactly one gene (HSD17B4) with two rare functional variants. Both sisters are compound heterozygotes for HSD17B4 c.650A>G (p.Y217C) and HSB17B4 c.1704T>A (p.Y568X). The mutations are predicted by structural analysis to destabilize the HSD17B4 dehydrogenase domain. They also found that protein expression of mutant HSD17B4 in a compound heterozygote was severely reduced.
NGS technologies also enabled classification of many types of somatically acquired mutations in cancers (Pleasance et al., 2010; Stratton et al., 2009) . Sequencing specific oncogenes and/or tumor suppressor genes at very high coverage for heterogeneous samples with a small percentage of tumor cells was made feasible by NGS approaches (Thomas et al., 2006) . WES has been used to identify biomarkers in individuals with acute myeloid leukemia (Ley et al., 2010; Mardis et al., 2009; Yan et al., 2011) . Other innovative uses of WES are for designing personalized chemotherapy (Wesolowska et al., 2011) and for classification of prognostic outcomes of chronic myelomonocytic leukemia based on patterns of mutations (Kohlmann et al., 2010) .
Most of the identified variants thus far were either small deletions or non-synonymous substitutions, and were found in the exonic regions. However, splice-site mutations that disrupt a translation resulting in exon skip and a frame shift were also found (Volpi et al., 2010) . One of the unique strengths of WGS is that it can be used to identify the breakpoints in balanced chromosome translocations and inversions (Talkowski et al., 2011) . This permits the identification of genes linked to the phenotype that results from de novo chromosomal rearrangements.
Current clinical applications of targeted NGS for a focused panel of disease genes
The success of NGS in research has already resulted in its translational uses in clinical care, and many of them are for diagnostic mutation detection of focused panels of disease genes. For example, clinical diagnosis of a panel of >90 X-Linked intellectual disability genes (http://genetics.emory.edu/egl/tests/testpage.php?testid=1111) and a pan-cardiomyopathy panel of 46 genes (http://pcpgm.partners.org/lmm/tests/cardiomyopathy) are offered now. NGS testing of up to 84 human genes implicated in both syndromic and non-syndromic hearing loss is also offered on the market (http://www.healthcare.uiowa.edu/labs/morl/ index_CDS.htm and www.otogenetics.com).
In a recent case of clinical practice, NGS was successfully used in finding the causative mutations for a child with a severe Crohn's disease-like illness (Worthey et al., 2011) . Analysis of the patient's WES results revealed a mutation in the XIAP gene. This finding led to the selection of an effective treatment by hemopoeitic progenitor cell transplant (Worthey et al., 2011) . In another successful WES clinical application case, a clinical decision was made for liver transplantation for an infant with acute liver failure (Goh et al., 2011) .
In contrast to complicated genetic traits affecting the incidence of cancer, heart disease, and neurological disorders, deafness caused by genetic mutations is monogenic in most cases (Hilgert et al., 2009) . The deafness phenotypes are usually predicted by genetic testing with high accuracy (Robin et al., 2005) . Most newborn hearing-loss cases are caused by genetic mutations, especially in developed countries . Therefore, performing genetic tests prior to other testing may limit or eliminate the necessity for conducting other expensive tests, as a definitive diagnosis can often be made based on genetic testing alone. NGS is a promising technology for such a genetic test with a capacity of analyzing all known and candidate genes involved in deafness for routine clinical applications in one test. As we have pointed out earlier, mutation results generated by the NGS approach will require Sanger verification for clinical test reports, as NGS is not currently a CLIA-approved approach.
Shearer et al. (Shearer et al., 2010) assessed the feasibility of targeted enrichment and NGS for 54 genes known to cause non-syndromic sensorineural hearing loss. Both solid-phase and solution-based methods were tested for targeted gene capture. Pathogenic mutations were identified using a custom-variant calling platform that incorporates the analysis of protein-damaging effects by publicly available pathogenicity prediction tools (e.g., SIFT, BLOSUM, Polyphen2, and Align-GVGD). Among the six idiopathic hearing-loss patient samples, the authors identified the pathogenic mutations in five of them. They concluded that targeted NGS technologies provide "sensitivity, specificity, and reproducibility at levels sufficient to perform genetic diagnosis of hearing loss."
In another recent NGS application of identifying gene mutations in deafness, Brownstein et al. (Brownstein et al., 2011 ) used a custom-designed set of oligonucleotide probes that targeted 85 human and 161 mouse genes known to cause deafness when mutated. Multiple samples were barcoded and sequenced in one lane using the Illumina NGS platform by a paired-end sequencing protocol. The median coverage of all the exons ranged between 757 and 2,080, and 95% of the targeted bases were covered by at least 10 independent reads. The study identified disease-causing mutations in CDH23, MYO15A, TECTA, TMC1, and WFS1 genes from six of the 11 original probands and their families, and helped the identification of causative alleles in additional family members. Brownstein et al. (2011) found a founder allele mutation in the TMC1 for the Moroccan Jewish population. For deaf Israelis of Moroccan Jewish ancestry, a single recessive mutation in TMC1 (p.S647P) was proved to be a founder allele, contributing to 34% of genetic hearing loss in this population.
These recent studies demonstrate the feasibility of conducting diagnostic tests for all known genes involved in deafness by the NGS approach (Brownstein et al., 2011; Shearer et al., 2010) . However, the high per-sample cost for capturing targeted exons is still a major barrier for the widespread use of NGS technologies on a population level. We have explored the use of a cDNA-based probe for targeted gene enrichment in order to reduce costs . In-house production of cDNA-based bait probes were used for capturing exons of about 84 genes. When 46 samples were pooled in one HiSeq2000 lane, the average coverage achieved was 263±12 (n=46). The majority of the targeted 1,253 exons (86.4±3.0%, n=46) are covered more than 100 times. It appears that the cDNA-based bait probe is a costeffective alternative to commercially available sources for producing hybridization probes needed in targeted gene enrichment .
Current limitations and regulatory issues of NGS technologies
NGS is still in its infant stage for clinical applications, and a lack of clear regulatory oversight over NGS data quality control, data analysis standards, and standardization of data reporting may hinder its rapid translation (Bunnik et al., 2011) . Some recent attempts have been initiated in order to establish laboratory procedures and regulations for quality control and validation using alternative assessments. For example, the Centers for Disease Control and Prevention sponsored a conference in 2011 on Next-Generation Sequencing, Standardization of Clinical Testing. There are still many NGS data analysis issues remaining to be solved. How to standardize and compare data across different NGS platforms when the same samples are tested is still an unresolved issue (Nothnagel et al., 2011) . One of the known weaknesses of the NGS application is its use in determining the number of trinucleotide repeats that are the pathogenic basis for many forms of intellectual disability (e.g., FMR1). Error rates of NGS data for these applications were higher because the base elongation at the repeat regions during sequencing was unreliable (Nakamura et al., 2011) .
In addition, there are controversial ethical issues surrounding genome research and its applications. The use and storage of patient information and data are stringently regulated by institutional review boards (IRBs) in the research setting. However, specific rules governing the use of NGS data are currently lacking. Definitive personal identifier information could be deduced from the large amount of information contained in the NGS data, not just for the patient involved but also for the patient's relatives and related ethnic groups. Although personal labels are usually removed during data analysis, sensitive personal information could still be identified due to the large amount of genomic information contained in the WES and WGS data. The NGS data are often stored on computer servers and shared among collaborative research groups. Sometimes online vendors are used for this purpose. Many research funding sources demand a rapid sharing of NGS data and often require the depositing of data sets in open-access archives as a condition for publishing papers (Kaye et al., 2009 ). The complex issues in handling genomic data in regard to data storage policy and the specifications for deposit into publicly accessible databases make meaningful informed consent to WGS and WES projects difficult to define. Reporting research findings back to the participants has been considered by some as an important part of maintaining public trust in tax-dollar funded research (Caulfield et al., 2008; Lacroix et al., 2008) . However, informing individual participants before results are published continues to be controversial, particularly for WGS and WES studies.
Another important concern for laboratories that carry out large-scale resequencing projects and diagnosis using WES, WGS, and focused-panel NGS approaches is the gene sequence patents issued by United States Patent and Trademark Office. A recent case brought by the Association for Molecular Pathology has questioned the validity of such patents on gene sequences. A preliminary ruling has found that the gene patent in question was invalid, and the case has been appealed (Cook-Deegan et al., 2010) .
Conclusions and future directions
Advances in NGS technologies are accelerating the discovery of genetic disorders at an unprecedented pace. Vast amounts of WGS, WES, and focused-panel NGS data are now being generated by laboratories worldwide on a scale that was unimaginable just a few years ago. Applications of NGS technologies are now beginning to enter clinical practice. Interpreting the data and translating the research results into applications that improve healthcare is still challenging. Sifting through the millions of variants in an individual's genome for the pathogenic mutation seems to be the most urgent task at hand. The creation of dedicated databases specifically for the purpose of clinical interpretation based on NGS results from a large number of normal controls and diagnosed patients will significantly help this endeavor. Another important aspect is the concurrent development of genetic counseling capabilities to interpret the large amount of data revealed by NGS for clinical use. In the near future, physicians may combine a past medical history and family history with NGS diagnostic data to identify disease predisposition variants and variants that affect drug metabolism in individuals. Carrier status for genetic disorders could also be a part of the patients' medical history. Improved applications of NGS may help define genetic profiles of patients and accelerate the pace of personalized medical care.
Genetic screening of a panel of genes involved in deafness is one of the potential applications of NGS. Universal Newborn Hearing Screening (UNHS) is standard clinical practice protocol in the United States, Canada, Europe and many developing countries (Morton et al., 2006) , now covering about 93% of newborns in the United States (White, 2003) . Referral rates range from 0.8% to 0.3% (Clemens et al., 2001) . In contrast, the rate of confirmed congenital deafness is estimated to be 0.1% . In addition to high false-positive rates, other shortcomings of the current physiology-based test methods for UNHS include (1) the inability to determine the underlying cause of hearing loss and (2) the inability to detect early-onset childhood hearing loss, which affects more patients than congenital defects. According to CDC data (http://www.cdc.gov/ncbddd/ehdi/data.htm), hearing loss prevalence increases from 1‰ at birth to 6‰ for school-age children. A third reason is necessity of one's physical presence for repeated examinations to confirm the accuracy of the initial screening result. About 60% of the patients who failed the first round of physiology-based tests never come back for a follow-up test (http://www.cdc.gov/ncbddd/ ehdi/). Most congenital and many early childhood deafness cases are caused by genetic mutations . Diagnostic genetic information of individual genes involved in deafness has already been used successfully in patient treatment, management, and genetic counseling. For example, patients with A1555G mitochondrial mutations can be warned about their increased susceptibility for aminoglycoside ototoxicity. With the development of appropriate gene enrichment and NGS technologies, all known and candidate genes involved in deafness can be examined in one test in order to give physicians a more complete survey of the genetic basis underlying a patient's hearing loss. Genetic screening of multiple genes involved in deafness based on NGS technologies may therefore significantly enhance the care of people who are affected by hearing loss due to genetic causes.
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